Preparation of'crude enzyme solution. Bacillus sp. no. 1 139 was grown with shaking on a rotary shaker at 37 "C for 3 d in PY-CMC medium. The culture broth was centrifuged at 5000g for 20 min at 4 "C and the supernatant fluid was used as a crude preparation of CMCase.
Protein measurement. Protein concentration was measured by the Lowry method with bovine serum albumin as the standard.
Enzyme assays. (a) CMCase activity was determined according to Horikoshi et al. (1984) . One unit of enzyme activity is defined as the amount of enzyme which liberates 1 pmol reducing sugar (expressed as glucose equivalents) min-' .
(b) Cellobiase activity. Enzyme solution (25 pl) and 25 p10.05 M-glycine/NaCl/NaOH buffer (pH 9.0) or 0.05 Msodium phosphate buffer (pH 6.0) were mixed with 200 p1 1 % (w/v) cellobiose solution. After 60 min incubation at 40 "C, 250 pl 0.1 M-sodium phosphate buffer (pH 7.0) was added. The amount of glucose was estimated with a glucose oxidase colorimetric reagent (New Glucostat, Worthington Biochemical Co.) .
(c) Hydrolysis activity towards other substances. The possible hydrolysis of Avicel, filter paper and xylan was determined by using the assay for CMCase as described previously . PAGE. To examine the homogeneity of the purified enzyme preparation, PAGE was done on 7.5% (w/v) polyacrylamide gels with a Tris/HCl buffer system (pH 8.3). About 10 pg purified enzyme was applied to each gel and run at a constant current of 2 mA per tube for 120 min. The gels were stained with Coomassie blue.
Molecular weight determination. The molecular weight of the enzyme was estimated by the SDS-PAGE method of Laemmli (1970) . Molecular weight markers, phosphorylase b (mol. wt 97400), bovine serum albumin (68000) and glutamate dehydrogenase (55 400), were obtained from Boehringer Mannheim.
Zsoelectric.jocusing. This was done on Servalyt Precotes, pH range 3-6 (Serva). Samples (5 pl) containing 15 pg protein were applied on the sample applicator. The gel was prefocued at 5.5 W for 30 min, then the applicator was removed. Focusing was achieved at 5-5 W for 90 min and the proteins were stained with Coomassie blue.
Amino acid analysis. A Hitachi 835 amino acid analyser was used. The samples were hydrolysed in 6 M -H C~ at 110 "C for 24, 48 and 72 h. The tryptophan content was estimated spectrophotometrically (Bencze & Schmid, 1957) .
Preparation and identiJication of' cello-oligosaccharides. Cello-oligosaccharides were prepared from cellulose powder (Toyo Roshi Co., 100-200 mesh) by the method of Sasaki et al. (1979) . The hydrolysates were analysed with a Shimadzu model LC-3A liquid chromatograph equipped with a Shodex model SE-11 differential refractometer as a detector. The column (4.6 x 250 mm) was packed with Nucreosil 5NH2 (Macherey-Nagel). The conditions were as follows: eluent, acetonitrile/water (13 :7, v/v); flow rate, 1.0 ml min-' ; pressure, 80 kg cm-'; sample size, 25 pl; column temperature, 40 "C.
Reagents. CMC was obtained from the Nakarai Chemical Co. All other chemicals used were of the highest quality available commercially.
R E S U L T S
Characteristics of the isolate. The characteristics of the alkalophilic strain no. 1 139 are listed in Table 1 . This strain belongs to the genus Bacillus and can form endospores. It was essentially similar to Bacillusjrmus in taxonomic characteristics, except for growth pH and ability to grow anaerobically. Hydrolytic activity toward cellobiose, Avicel, filter paper xylan was not observed in the culture broth of Bacillus sp. strain no. 1139.
E' ect
of carbon sources on CMCase production. Cellobiose or CMC induced CMCase production, whereas other carbon sources had no effect ( Table 2 ). Addition of 0.2% glucose inhibited enzyme production. The pH of the tested media was adjusted and maintained at pH 10 PurrJication of the CMCase. Unless stated otherwise, all purification steps were done at 4 "C. The crude CMCase from 5 1 culture broth was precipitated with ammonium sulphate at 80% saturation and redissolved in 100 ml water. The enzyme solution was dialysed for 24 h against 5 1 0-05 M-Tris/HCl buffer (pH 8.0) containing 0.05 M-NaCl. The insoluble material formed was removed by centrifugation (5000 g for 10 min), and the supernatant fluid (1 50 ml) applied to a DEAE-Toyopearl ion-exc hange column (3.2 x 30 cm) equilibrated with 0-05 M-Tris/HCl (pH 8.0) containing 0.05 M-NaC1. The column was thoroughly washed with the same buffer. The enzyme was eluted with a linear gradient of 0.05-1-0 M-NaCl in the same buffer at a flow rate of 75 ml h-l. The CMCase was eluted at about 0.3 M-NaC1. The fractions containing CMCase were pooled and concentrated by the addition of Ficoll400. The concentrated sample (10 ml) 0-5 during growth. Table 3 .
Physical and chemical properties. PAGE of the purified CMCase (Fig. 1) showed that the enzyme was homogeneous, with an estimated molecular weight (SDS-PAGE) of 92000. The isoelectric point of the enzyme measured using Servalyt Precote was pH 3-1. The amino acid composition of the CMCase is shown in Table 4 together with those of other bacterial cellulases. The aspartic acid content is higher than those of other cellulases; cysteine residues were not detected.
Efiect o j p H on activity and stability. The pH optimum of CMCase was determined using 0.05 M-sodium phosphate buffer (pH 6-8), 0.05 M-glycine/NaCl/NaOH buffer (pH 8-5-1 0.5) and 0.05 M-KCI/NaOH buffer (pH 11-13). Other conditions were the same for the standard assay. The CMCase was most active at pH 9, and still retained some activity at pH 10.5 (Fig. 2) . (a) , non-denaturing conditions. Electrophoresis was carried out at 2 mA per tube for 120 min in Tris/HCl buffer system (pH 8.3). About 10 pg protein was applied. Lane (b); SDS-PAGE. Electrophoresis was performed in a 7.5% polyacrylamide gel and about 3 pg protein was applied. .,0*05 M-glycine/NaCl/NaOH; 0 , 0 . 0 5 M-KCl/NaOH. Other conditions were the same as for the standard assay. One hundred percent activity was taken as 150 m u . The stability of the enzyme at various pH values was investigated (Fig. 3) . Enzyme solution (90 pl; 20 pg ml-*) was added to 10 p1 of the appropriate buffer (0.2 M) and incubated for 24 h at 4 "C. Residual activity was measured by the standard assay. The following buffer systems were used: citrate (pH 3-5); sodium phosphate (pH 6-8); glycine/NaCl/NaOH (pH 8-5-10-5) and KCl/NaOH (pH 11-12-8). The CMCase was stable over the range pH 6-1 1 under these conditions.
EJect of temperature on stability. The thermal stability of the enzyme was measured as follows : 100 p1 enzyme solution (20 pg ml-l) in 0.05 M-glycine/NaCl/NaOH buffer (pH 9.0) was heated at the indicated temperatures for 10 min and the residual activity was measured. Enzyme activity was stable up to 40 "C, 90% of the original activity was retained at 50 "C and the enzyme was inactive at 60°C.
Effect of metal ions on enzyme activity. The appropriate salt solution (60 pl) and 0.5 ml CMC solution (1 %, w/v) in 0.05 M-Tris/HCl buffer (pH 8.5) were mixed with 40 yl enzyme solution (50 pg ml-I), and activity was measured after 10 min incubation at 40 "C ( Table 5 ). CMCase activity was increased by the addition of Na+ or K+; it was completely inhibited by Hg2+ or Cd", and was inhibited to a lesser extent by various other metal ions.
F . FUKUMORI, T . K U D O A N D K . HORIKOSHI
Hydrolysis of' CMC and cello-ofigosaccharides. One unit of the enzyme (100 pl, 0.17 mg ml-l) was mixed with 0.5 ml 1 % (w/v) CMC solution in 0.05 M-glycine/NaCl/NaOH buffer (pH 9.0) and incubated at 40 "C. Portions (60 pl) of reaction mixture were withdrawn periodically and the total reducing sugar produced was determined. CMC was 30% hydrolysed and addition of more enzyme (5 U) did not cause further liberation of reducing sugars. The K , with CMC as the substrate was 0.48 mg ml-I .
Enzyme solution (10 p1, 0.17 mg ml-l) was mixed with 50 p1 cello-oligosaccharide solution (about 6 mg ml-*) in 5 mM-glycine/NaOH buffer (pH 9-0) and incubated at 40 "C for 1 h. Samples of the reaction mixture (25p1) were analysed by HPLC. Enzymic hydrolysis of cellotriose produced a mixture of glucose (5.5 %), cellobiose (55%), cellotriose (34%) and cellotetraose (trace). With cellotetraose as the substrate, glucose (16%) cellobiose (64%), cellotriose (14%) and cellotetraose (3-3 %) were detected. A small amount of cellopentaose was also observed.
DISCUSSION
Many investigators have reported that the degradation of cellulose by micro-organisms is the result of a multi-enzyme system (Berg et af., 1972; Eriksson & Pettersson, 1975; Kubo & Nishizawa, 1983; Labudova & Farkas, 1983; Sen et af., 1982) . In a previous paper, we reported the isolation of CMCases from an alkalophilic Bacillus sp. N-4 (Horikoshi et af., 1984) , which closely resembled Baciffuspasteurii. This bacterium produced several cellulases and two of them were purified. Both enzymes exhibited broad pH-activity curves (Sashihara et af., 1984) . However, the other enzymes were not purified completely, because they had almost the same physical properties. Recently, several alkalophilic strains of B. Jirmus have been reported (Gordon & Hyde, 1982) . We isolated an alkalophilic Bacillus sp. no. 1139, which was similar to B. firmus, although differing in several properties, especially growth pH and anaerobic growth. This bacterium produced only one inducible alkaline cellulolytic enzyme, whose production was inhibited strongly by 0.2% glucose. In contrast, the alkalophilic Bacillus sp. N-4 produced CMCase in the absence of CMC or cellobiose (K. Horikoshi, unpublished data) . It is clear that the expression mechanism of the CMCase from strain no. 1139 is different from those of Bacillus
The most characteristic property of the CMCase reported in this paper is the optimum pH for enzyme action. Most cellulases have acidic or neutral pH optima (Han & Srinvasan, 1968; Nakamura & Kitamura, 1982; Thomas & Zeikus, 1981; Yoshioka et al., 1982) , whereas this CMCase was most active at pH 9, and even at pH 11 more than half of the activity at the optimum pH was observed. No activity was observed at pH 6. The CMCase from the alkalophilic Bacillus sp. no. 1139 had a high content of aspartic acid compared with those of cellulases from Pseudomonas JIuorescens (Yamane et af., 1970) or Cfostridium thermoceffum (Thomas & Zeikus, 198 1) . The molecular weight of the CMCase was somewhat larger than those of other microbial cellulases and most closely resembled that of Cfostridium. However, the Cfostridium enzyme had a different optimum pH and substrate specificity and was unable to hydrolyse cellotriose.
The enzyme of alkalophilic Bacillus sp. no. 1 139 hydrolysed cellotriose or cellotetraose but not cellobiose. Cellotriose was converted to cellobiose, which was the main product, and the ratio between glucose and cellobiose (Gl/G2) was about 0.1. Cellotriose should be split into one molecule of glucose and one molecule of cellobiose if there is no transglucosylation. However, our results indicate that the products, principally glucose, were transferred to cellotriose by the trans-glucosidase activity of the enzyme, with the production of higher oligosaccharides. The higher oligosaccharides thus produced were probably hydrolysed again and finally, cellotriose or cellotetraose were converted to cellobiose as the main product. A similar explanation can be applied to the observation that cellotetraose was converted mainly to cellobiose. Transglucosylation has also been observed for cellulases of Trichoderma uiride (Okada & Nishizawa, 1975) . To validate the observation of transglucosylation, we have cloned the alkalophilic Bacillus sp. no. 1139 CMCase gene in Escherichia cofi HBlOl using the plasmid pBR322. The cloned CMCase gene was expressed in E. cofi and the CMCase had trans-glucosidase activity (unpublished results). SP. N-4.
